Purpose -Mechanical stress can heavily affect the magnetic behaviour law in ferromagnetic materials. This paper, aims to take into account the effect of mechanical stress into a hystreresis model. This model is implemented in a finite element analysis code and tested in the case of a simple system. Design/methodology/approach -A simple extension of the classical Preisach model is proposed, in which a function linked to the Preisach density is parameterized using the mechanical stress as a supplementary parameter. The methodology is based on experimental measurements for identifying the required function. As a first approach, a linear interpolation is used between the measurements in order to have a continuous evolution of the magneto-mechanical behaviour. This model has been tested in the case of a steel sheet in which width is not constant in order to obtain a non-uniform distribution of stress and magnetic flux density. Findings -The model can predict the magneto-mechanical behaviour with a good accuracy in the case of tensile stress. Implementation of the model in finite element analysis has shown that the model can predict the behaviour of steel sheet subject to a non-uniform stress distribution. Originality/value -This paper shows that a classical hysteresis model can be extended to take into account the magneto-mechanical behaviour. This is useful for the design of electrical machines which are subject to non-negligible mechanical stress.
Introduction
Accurate modelling of electromagnetic systems can be achieved by taking into account the real magnetic behaviour law. There are different levels of accuracy for modelling the hysteresis phenomenon. In fact, from the quasi-static case to the frequency dependent case, there are many works in the literature that propose to model the hysteresis phenomenon. But few works (Mayergoyz, 1991) propose to take into account the influence of mechanical stress on the magnetic behaviour law, whereas this effect is non-negligible in rotating machines. The behaviour law of magnetic materials can get worse and affect the performances of these machines. We propose a simple model for taking into account the magneto-mechanical effect in a hysteresis model. The used model is based on the classical Preisach model, which is presented with its identification procedure and the required magneto-mechanical experimental bench. Then, we present the mechanical and magnetic FE models. Results of mechanical FE model are used to model a steel sheet in the magnetic FE model for uni-directional stress.
Magneto-mechanical model

The Preisach model
The Preisach model associates to a ferromagnetic material a set of bistable units defined by a function g ¼^1 (Figure 1(a) ). The switching field couple (a, b) characterizing a bistable unit must respect some conditions. If H sat represents the saturation magnetic field and M sat the corresponding magnetisation of the ferromagnetic material, when H . H sat all bistable units are positive and the magnetisation is M ¼ M sat : On the opposite side, if H , 2H sat ; all bistable units are negative and M ¼ 2M sat : Both previous assumptions lead to the following conditions for the couple (a, b) (Mayergoyz, 1991) :
As the hysteresis phenomenon is energetically dissipative, we must also have a $ b: These three conditions allow us to define a triangle D, (Figure 1(b) ), called the Preisach plane. Each couple (a, b) characterizing a bistable unit must belong to this plane. A ferromagnetic material is then determined by a statistic distribution function p(a, b) of the switching field couples (a, b) belonging to the triangle D. The Preisach plane is split up into two surfaces: S þ where couples (a, b) are such that g ab ¼ 21 and S 2 where couples (a, b) are such that g ab ¼ þ1: The total magnetisation is then given by: 
Knowing the Preisach density function p(a, b) for the studied material allows us to obtain the magnetic behaviour. Several methods for the determination of this density function from experimental results are proposed in the literature (Debruyne et al., 1998; Bertotti and Basso, 1993; Biorci and Pescetti, 1958) . All these methods generally require numerical derivation and integration, which adds extra errors to the experimental ones. So, in contrast to attempts at analytical models, we use here a fully numerical representation of the Everett function (Everett, 1955) , defined by:
The surface T(x,y) is defined as the right-angled triangle in the Preisach plane with (x,y) the vertex coordinates corresponding to the right angle and with the hypothenuse supported by the straight line a ¼ b: The two other sides of the triangle are parallel to a and b axis. It can be shown (Benabou et al., 2003b) that, if the Everett function is known, we can calculate the magnetisation M:
where H m is the last return point of the magnetic field. Then, the Everett function and the magnetisation M are linked by a relation which requires no numerical derivation or integration. The experimental determination of the Everett function is presented in the next section.
Extension to take into account the stress
In the following, we propose a method for the Everett function identification that needs a set of experimental centered minor hysteresis loops. Using these data of M(H), the function E(H m ,H) is determined for values of H belonging to ½2H m ; þH m : Then, from n measured hysteresis loops ði ¼ 1; nÞ; a set of curves E(H mi ,H) supporting the Everett function is obtained (Figure 2 ). Now, we have to determine this function for an arbitrary point (H 0 m ,H 0 ) of the triangle D (Figure 1(b) ). This is done by an interpolation method using the previous curve set (Benabou et al., 2003b) .
The Preisach model can also be adapted to obtain a model with B as entry variable (Park et al., 1993) . We have to identify another Everett function, which shape is completely different from the one previously presented. We use a similar interpolation method for the M(B) model (Benabou et al., 2003b) . In order to take into account the effect of mechanical stress on the hysteresis phenomenon, we introduce a new parameter linked to the stress (Benabou et al., 2003a (Figure 3) . As a first approach, we have considered a linear evolution of the magnetisation between M inf (B) and M sup (B). So, using a linear interpolation, we calculate the desired magnetisation M s (B). We have reported the procedure on the following diagram:
Identification of the model 3.1 Experimental bench
The experiments on mechanical stress require a specific device suitable to apply a magnetic field as well as a mechanical stress in the longitudinal direction of the sample. This device is derived from a small single-sheet tester, around which a mechanical yoke is constructed. This mechanical yoke allows to apply a force up to 3750 N when using samples with cross sectional area of 10 mm 2 , with minimum length of 60 mm and a width of 20 mm. In this case, it allows enforcing a mechanical compressive or tensile stress from approximately 2 40 to þ 375 MPa. The single-sheet tester is also calibrated with respect to the Epstein frame measurements. In this study, we have considered a rectangular sample of 0.65 mm thickness and 13 mm 2 area, so the maximum stress is 290 MPa (Figure 4) .
A magnetic flux through the strained specimen is created by the excitation winding around the sample (outer winding). A linear current amplifier and a proper acquisition system realize the quasi-static exciting signal. The measuring coil (inner winding) around the sample measures the variation of the magnetic flux.
Magneto-mechanical behaviour of hysteresis loops
In Figure 5 , we can see the influence of the stress on the magnetic behaviour of the steel sheet sample. We notice an improvement of the magnetic properties. In fact, a narrower hysteresis loop and a reduction of the maximum magnetic field value for the same maximum induction value is observed when applying the stress. Nevertheless, there is no optimal value of the stress as this phenomenon depends on the magnitude of the magnetic flux density.
Calculation methods
Mechanical finite element model
A classical 2D plane-stress model is considered, with a constant elasticity modulus E and Poisson coefficient n. This leads to a system of linear equations in terms of the nodal values of the displacement in x and y direction. The three components of the stress tensor, elementwise constant in case of elementwise linear interpolation of the displacement, are readily calculated. One can note that the mechanical equations are solved separately from the magnetic equations which are presented in the following. with S b and S h two complementary parts of S, n being the outward normal vector of S. The ferromagnetic material is modelled by means of the previously presented constitutive relationship H ¼ f(B,s). The distribution of the stress follows from a prior elastic FE calculation. All previous equations are solved using the 2D vector potential formulation. We have to solve a non-linear system of algebraic equations. Among all methods proposed in the literature to solve the problem (Dupré et al., 1998; Ionita et al., 1996; Piriou and Razek, 1992) , we have chosen the fixed-point method. The hysteretic constitutive relationship is then rewritten under the form:
The reluctivity n FP is a constant and must respect some conditions to achieve convergence (Piriou and Razek, 1992) . The studied hysteretic model assumes B and H collinear, consequently the magnetization M FP has the same direction as n FP B. Its magnitude is obtained by calculating M FP ¼ f ðBÞ 2 n FP B: Finally, the partial differential equation to be solved is given by:
where A is the magnetic potential vector ðB ¼ curl AÞ: 5. Application to a steel sheet In the following, in order to test the proposed model in the case of a non-uniform stress distribution and a non-uniform magnetic flux density distribution, we have considered a steel sheet with a non constant width. Figure 6 shows the 2D FE model of the studied sample. The total length and maximum width of the sample are 60 and 20 mm, respectively. The minimum width is 12 mm.
Mechanical simulation
The lower left corner of the sample is fixed; the displacement in y-direction in the lower right corner is set to zero as well. A uniform tensile stress of 100 MPa in x-direction is applied to the right edge. The 2D FE calculation (with E ¼ 210 Gpa and n ¼ 0:3) produces the displacement shown in Figure 7 . The tensile stress in x-direction, elementwise constant and varying between 70 and 190 MPa, is shown in Figure 8 . Inclusion of a stress-dependent Preisach model
Magneto-mechanical simulation
The same mesh as above has been used. The flux through the sample in x-direction is straightforwardly imposed by means of Dirichlet boundary conditions on the lower and the upper edge of the sample. We have considered only the (Ox) direction for the stress as we assume that the steel sheet magnetic behaviour law is only influenced by the uni-axial stress along the (Ox) axis. In fact, for the application at hand, the stress along the (Oy) axis is always, at least, 10 times lower than that along the (Ox) axis. Two points, denoted by A and B (Figure 6 ), have been chosen for comparing hysteresis loops for cases without and with the distribution of stress obtained in the previous section. In Figures 9 and 10 , the hysteresis loops obtained at points A and B are given. One can notice that, when the steel sheet is under stress, the magnetic behaviour is improved as previously presented. Moreover, when imposing the flux, we impose the magnitude of the magnetic flux density B and we assume that it is not affected by the stress level.
In fact, we have a non-uniform distribution of the stress and non-uniform magnetic properties associated to each element in the steel sheet. Nevertheless, the distribution is 
Conclusion
The proposed magneto-mechanical model is based on the assumption of a linear evolution for the effect of mechanical stress on the behaviour law. In the case of the studied material and for the interval of tensile stress used in this work, this assumption can be made. The model has been implemented in a 2D FE code and used to model the magneto-mechanical behaviour of a steel sheet. The magnetic behaviour is slightly improved as it could be predicted from experimental measurements.
